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Structures of herbicides in complex with their detoxifying
enzyme glutathione S-transferase – explanations for the
selectivity of the enzyme in plants
Lars Prade1†*, Robert Huber1 and Babara Bieseler2
Background:  Glutathione S-transferases (GSTs) are detoxifying enzymes
present in all aerobic organisms. These enzymes catalyse the conjugation of
glutathione with a variety of electrophilic compounds. In plants, GSTs
catalyse the first step in the degradation of several herbicides, such as
triazines and acetamides, thus playing an important role in herbicide
tolerance.
Results:  We have solved the structures of GST-I from maize in complex with
an atrazine–glutathione conjugate (at 2.8 Å resolution) and GST from
Arabidopsis thaliana (araGST) in complex with an FOE-4053–glutathione
conjugate (at 2.6 Å resolution). These ligands are products of the detoxifying
reaction and are well defined in the electron density. The herbicide-binding site
(H site) is different in the two structures. The architecture of the glutathione-
binding site (G site) of araGST is different to that of the previously described
structure of GST in complex with two S-hexylglutathione molecules, but is
homologous to that of GST-I.
Conclusions:  Three features are responsible for the differences in the H site of
the two GSTs described here: the exchange of hydrophobic residues of
different degrees of bulkiness; a slight difference in the location of the H site;
and a difference in the degree of flexibility of the upper side of the H site, which
is built up by the loop between helices α4 and α5. Taking these two structures
as a model, the different substrate specificities of other plant GSTs may be
explained. The structures reported here provide a basis for the design of new,
more selective herbicides.
Introduction
Glutathione S-transferases (GSTs; EC 2.5.1.18) are found
in all aerobic organisms, where they act as detoxifying
enzymes. In order to bring about detoxification, these
enzymes catalyse the conjugation of glutathione (GSH,
γ-Glu-Cys-Gly) with a broad variety of electrophilic com-
pounds. Cytosolic GSTs are dimers of approximately
50 kDa. GSTs can be divided into five classes (alpha, mu,
pi, sigma and theta) according to their substrate specificity,
immunological cross-reactivity and primary structure [1–3].
The three-dimensional structures are known for representa-
tive GSTs from every class (see [4,5] for review). The active
site of these enzymes consists of a GSH-binding site
(G site) and a xenobiotic-binding site (H site); each subunit
of the dimer has its own active site. For the alpha, mu, pi
and sigma classes of GSTs, a tyrosine residue at the N ter-
minus was identified as the catalytic residue, whereas for
the theta class this residue is a serine [6,7]. This residue sta-
bilises the thiolate anion of GSH during the reaction.
All GSTs from plants are classified as theta class enzymes,
but were recently further subdivided into three types — I,
II and III — on the basis of their gene architecture [8,9].
The first plant GST to be studied in depth was isolated
and characterised from sorghum grass [10]. It was shown
that this enzyme is responsible for the tolerance of the
plant towards the herbicide atrazine [11]. Because of their
importance in herbicide tolerance, many more plant GSTs
have now been isolated and characterised, with the main
focus being on GSTs from maize. It was shown that GSTs
are able to detoxify several classes of herbicide: triazines
[11], chloroacetamides [12–14], thiocarbamates [15,16] and
diphenylethers [17]. So far, six different GST isoforms
from maize are known [14,18–21] (designated with roman
numerals, but this classification should be distinguished
from that used for the gene architecture mentioned
above). GST-I and GST-III are constitutively expressed,
whereas GST-IV is induced by the herbicide safener [22].
GST-II is a heterodimer of GST-I and GST-IV and, like
GST-IV, is inducible [23]. Furthermore, a GST from the
Bronze-2 gene [24] and a GST with activity towards
phenylpropanoids [25] are also known. GST-I is the only
GST from maize known to have a significant activity
towards atrazine. GST-III and GST-IV show high activity
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with alachlor and metolachlor, whereas GST-I has no
detectable activity towards these herbicides [26].
Although three structures of plant GSTs have been
solved [7,27,28], no detailed structural information about
the mode of herbicide binding is available. The previ-
ously determined GST structures are of the apoform of
the enzyme or contain bound S-hexylglutathione or
lactoylglutathione.
Here we present the structures of GST-I from maize in
complex with an atrazine–GSH conjugate (at 2.8 Å resolu-
tion) and a GST from Arabidopsis thaliana (araGST) in
complex with an FOE-4053–GSH conjugate (at 2.6 Å
resolution). Both GSTs are classified as type I according
to their gene architecture. Atrazine is a representative of
the triazine class of herbicides. The FOE-4053–GSH
conjugate provides a model for all product complexes of
acetamide herbicides, to which the more prominent herbi-
cides alachlor and metolachlor belong (Figure 1). These
GST structures with different specificities and two differ-
ent bound ligands provide a basis for the analysis of struc-
ture selectivity relationships.
Results
The overall structure of both GSTs has been described
previously [7,27]. Most of the differences between these
known structures and the ones reported here are due to
different crystal contacts, any relevant differences are
described in the following sections.
The GST-I crystal contains two dimers with four indepen-
dent active sites in the asymmetric unit. Unfortunately,
three of these sites are obstructed by crystal contacts. The
active site of the A subunit is in contact with its symmetry
mate, thus disturbing the G site and leading to an artificial
binding mode for the GSH moiety. Similarly, the H sites
of the B and D subunits are in contact with the D and B
symmetry-related subunits, respectively. This results in a
better, but artificial, fixation of the atrazine moiety with
lower B factors. Only the C subunit can be considered as
undistorted and this will be considered alone in further
descriptions of the active site. These problems were not
encountered in the araGST structure.
The G site
In GST-I from maize, there are no significant changes in
the G site as compared to the structure determined in
complex with lactoylglutathione [27]. There is one differ-
ence in the hydrogen-bonding pattern of Asn13, however.
In the previous structure, Asn13 formed a hydrogen bond
with the lactoyl oxygen atom, but it is now fixed by differ-
ent hydrogen bonds: on one side it is bonded to the NE1
nitrogen of Trp12 and the oxygen atom of the carbonyl
from the γ-glutamyl group of GSH and on the other side it
bonds to the sidechain nitrogens of Arg16.
In araGST the changes are more significant. In the
complex of araGST with two S-hexylglutathiones, the car-
boxylate of the glycine group was hydrogen bonded to
Lys41 and a water molecule, the latter also being in contact
with His40 [7]. In the structure described here, the car-
boxylate is directly bound by Lys41 and His40 — as seen
in the GST-I structure. This leads to a different conforma-
tion of the GSH glycine moiety. As there are two mol-
ecules of inhibitor bound in the araGST complex with
S-hexylglutathione, and because the FOE-4053–GSH
complex represents a product complex, the G-site architec-
ture of the structure described here may be regarded 
as biologically relevant. In the complex with S-hexyl-
glutathione, the binding of the second S-hexylglutathione
molecule clearly influences the binding of the first one.
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Chemical formulae for the herbicide–GSH complexes. (a) Atrazine, (b) FOE-4053, (c) alachlor and (d) metolachlor. SG represents the GSH moiety.
The H site
In the atrazine–GSH conjugate complex the atrazine
moiety is bound in a cleft formed on one side by Met10
and Phe35 and on the other side by Trp12 and Ile118
(Figure 2). The aromatic ring of Phe35 stacks flat with the
aromatic ring of the atrazine moiety, whereas Trp12 is
more perpendicular. Met10 is located at the solvent-
exposed end of the cleft and is close to the ethyl group of
the atrazine moiety. The nitrogen of the ethyl group is
closer than 4 Å to the carbonyl oxygen of Met10, repre-
senting the only possible hydrogen bond of the atrazine
moiety. The isopropyl group points towards the large
inner cleft between the two monomers and makes no sig-
nificant contacts to the protein.
In the complex formed between araGST and the FOE-
4053–GSH conjugate, the FOE-4053 moiety sits in a
hydrophobic pocket built up by Ile12, Ser115 and Phe123
(Figure 3). The main contact is made with the isopropyl
group of the FOE-4053 moiety, while the phenyl ring
forms only weak interactions with Phe123. Hydrogen
bonds are made between the carbonyl group of the FOE-
4053 moiety and the nitrogen atoms of Ile12 and Ala13.
The FOE-4053 moiety seems to bind in two conforma-
tions, which prefer one of the two mainchain nitrogens as
a hydrogen-bonding partner. The main effect of these two
conformations is on the phenyl ring, which has higher
B factors. Due to the limited resolution an independent
refinement of both conformations was not possible. The
electron density on which the structure is based repre-
sents the average of both conformers with B factors corre-
lating to the difference between both conformers. This
averaging of two conformations does not affect the inter-
pretation of biologically important data, however.
The reaction mechanism
Although both ligands are product complexes of a conju-
gation reaction with GSH, the mechanism of the reaction
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Figure 2
Stereoview of the active site of GST-I from
maize. The bound atrazine–GSH conjugate is
shown in red. Residues of the H site are
labelled; atoms are shown in standard
colours. The final |2Fo–Fc| map contoured at
0.9σ is shown in blue and the |Fo–Fc| map,
which was calculated before the inhibitor was
build in, contoured at 2.5σ is shown in dark
green.
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Figure 3
Stereoview of the active site of araGST in
complex with the FOE-4053–GSH conjugate.
The bound FOE-4053–GSH is shown in
green. All residues contributing to the H site
are labelled; atoms are shown in standard
colours. The final |2Fo–Fc| map contoured at
0.9σ is shown in blue and the |Fo–Fc| map,
which was calculated before the inhibitor was
built in, contoured at 2.5σ is shown in red.
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is different for the two herbicides. The atrazine reacts via
an snar mechanism with GSH, whereas the FOE-
4053–GSH conjugate is the product of an sn2 reaction.
This is interesting, as GST catalyses these reactions by
stabilising the transition state [29,30], which is different
in each case. The carbon atom that is attacked by the
sulphur anion of GSH has a tetrahedral geometry in the
transition state of the snar reaction, leading to an angle of
124° between the sulphur and the rigid aromatic-ring
system. In the product the angle becomes 180°, caused
by the trigonal geometry of the attacked carbon atom
(Figure 4). In the case of the sn2 reaction, the attacked
carbon atom has trigonal bipyramidal geometry with an
angle of 90° between the sulphur and the acetamide; in
the product it again has tetrahedral geometry (Figure 4).
In summary, the product of the snar reaction differs by 71°
from the transition state, whereas the product of the sn2
reaction differs by only 19°, which is much closer to the
transition state. As a consequence the FOE-4053–GSH
conjugate, which is more closely related to its transition
state than the atrazine–GSH conjugate, gives more
information about the mode of stabilisation of the
transition state.
Comparison of the active sites
With the exception of an additional hydrogen bond in
GST-I, formed between Asn13 and the carbonyl oxygen
of the GSH γ-glutamyl group, the G sites of GST-I and
araGST are identical.
The residues that build up the H site come from three parts
of the protein. One residue (at position 35) comes from
helix α2. In the complex formed between GST-I and
atrazine–GSH, Phe35 participates in the binding of the aro-
matic ring of atrazine; in araGST the spatially equivalent
residue (Leu35) does not participate in the binding of the
FOE-405 moiety. Four residues from a loop between
strand β1 and helix α1 (residues 10 to 13) also contribute to
the active site. The sidechain of Met10 in GST-I has no
counterpart in araGST, where it is an alanine, and the main-
chain oxygen that forms a hydrogen bond to the product in
GST-I is too far away in araGST to form a similar bond.
Ser11 is the catalytic residue in both structures. The adja-
cent residue in GST-I is Trp12, which forms only weak
interactions with the atrazine moiety. In araGST, Ile12
makes hydrophobic interactions and forms a hydrogen bond
between its mainchain nitrogen atom and the carbonyl
group of the FOE-4053 moiety. In GST-I, Asn13 only
makes contacts to the GSH moiety of the atrazine–GSH
conjugate, but it can change its conformation to interact
with the substrate of the H site, as seen in the complex with
lactoylglutathione [27]. In araGST, the mainchain nitrogen
of Ala13 makes a hydrogen bond to the carbonyl oxygen of
the FOE-4053 moiety. The rest of the residues making up
the H site are located at the end of helix α4 and in the loop
between helices α4 and α5. The contacts of all these
residues are of a hydrophobic nature in both structures.
Three key residues participate in these contacts: Ile118 in
GST-I (corresponds to Phe123 in araGST); Phe114 in
GST-I, which makes no contacts to the atrazine moiety
(corresponds to Phe119 in araGST, which has weak inter-
actions with the FOE-4053 moiety); and Asn110, which
makes no contribution to the H site in GST-I (corresponds
to Ser115 in araGST, which forms weak van de Waal con-
tacts to the isopropyl group of the FOE-4053 moiety). Com-
pared with the H site of araGST, the H site of GST-I is
shifted towards helix α2 (Figure 5). This translocation in
GST-I is achieved by the bulky sidechain of Trp12, which
fills the hydrophobic pocket in which the isopropyl group of
the FOE-4053 moiety is bound in araGST. In consequence,
the residues at the top of helix α4 (Asn110 and Phe114 in
GST-I) lose their importance, and the residue from helix α2
gains more importance in GST-I compared to araGST.
Another difference between the two H sites is in the flexi-
bility of the loop between helices α4 and α5. In GST-I,
the B factors and the root mean square (rms) deviations of
this loop from the four monomers are very high, clearly
demonstrating high flexibility. In contrast, this same loop
is well ordered in the araGST structure. This difference
can be explained by the different number of glycine
residues at the end of the loop: two in GST-I (Gly123 and
Gly124) and only one in araGST (Gly128).
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Figure 4
Schematic drawings of the transition states and products of the snar
and sn2 reactions. The important angles are marked and their values
are given. The transition states of (a) the snar and (b) the sn2
reactions. (c,d) The products of these reactions.
124º
180º
90º
109º
(a) (b)
(c) (d)
Structure
Discussion
Although the geometry of the atrazine–GSH conjugate
product complex differs from that of the transition state
in the snar reaction, it can be assumed that the mode of
binding does not differ significantly. The H site is large
and flexible enough to tolerate some variation without
any significant change in the active site. The sandwich
complex seen in the pi class GST from human placenta
[29] is only partially seen here, as the aromatic ring of the
atrazine moiety stacks between Phe35 and Ile118 and
therefore has an aromatic ring as partner only on one
side. The hydrogen bond formed between the carbonyl
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Figure 5
Overlay of the active sites of GST-I and
araGST. The atrazine–GSH conjugate is
shown in red and the FOE-4053–GSH
conjugate is in green. Residues of the GST-I
H site are in brown and those of araGST are in
blue. The numbering is according to the GST-I
sequence.
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Figure 6
Amino acid sequence alignment of five plant
GST sequences. The sequences are labelled
according to their name in the Swiss Prot
database: GTH1_Wheat [38], GTH4_Maize
[39], GTH1_Maize [19], GTH4_Arath [40]
and GTH3_Maize [20]. The numbering is
according to the GST-I sequence. Residues
participating in the G and H sites are shown
in green and red, respectively.

               1         10         20         30         40       
GTH1_Wheat  ~~MSPVKVFG HPMLTNVARV LLFLEEVGAE YELVPMDFVA GEHKRPQHVQ 
GTH4_Maize  ~ATPAVKVYG WAISPFVSRA LLALEEAGVD YELVPMSRQD GDHRRPEHLA 
GTH1_Maize  ~~~APMKLYG AVMSWNLTRC ATALEEAGSD YEIVPINFAT AEHKSPEHLV 
GTH4_Arath  ~~~AGIKVFG HPASIATRRV LIALHEKNLD FELVHVELKD GEHKKEPFLS 
GTH3_Maize  ~~~APLKLYG MPLSPNVVRV ATVLNEKGLD FEIVPVDLTT GAHKQPDFLA 

              50         60         70         80              90  
GTH1_Wheat  LNPFAKMPGF QDGDLVLFES RAIAKYILRK YGGTAGLDLL GENSGIEELA
GTH4_Maize  RNPFGKVPVL EDGDLTLFES RAIARHVLRK HKP....ELL GGGR.LEQTA
GTH1_Maize  RNPFGQVPAL QDGDLYLFES RAICKYAARK NKP....ELL REGN.LEEAA
GTH4_Arath  RNPFGQVPAF EDGDLKLFES RAITQYIAHR YENQGTNLLQ TDSKNISQYA
GTH3_Maize  LNPFGQIPAL VDGDEVLFES RAINRYIASK YASEGTDLL. ..PAT.ASAA

                   100        110        120             130    
GTH1_Wheat  MVDVWTEVEA QQYYPAISPV VFECIIIPFI IPGGGAAPNQ TVVDESLERL
GTH4_Maize  MVDVWLEVEA HQLSPPAIAI VVECVFAPFL ....GRERNQ AVVDENVEKL
GTH1_Maize  MVDVWIEVEA NQYTAALNPI LFQVLISPML ....GGTTDQ KVVDENLEKL
GTH4_Arath  IMAIGMQVED HQFDPVASKL AFEQIFKSIY ....GLTTDE AVVAEEEAKL
GTH3_Maize  KLEVWLEVES HHFHPNASPL VFQLLVRPLL ....GGAPDA AVVEKHAEQL

             140        150        160        170        180       
GTH1_Wheat  RGVLGIYEAR LEKSRYLAGD SITFADLNHI PFTFYFMTTP YAK.VFDDYP
GTH4_Maize  KKVLEVYEAR LATCTYLAGD FLSLADLSPF TIMHCLMATE YAA.LVHALP
GTH1_Maize  KKVLEVYEAR LTKCKYLAGD FLSLADLNHV SVTLCLFATP YAS.VLDAYP
GTH4_Arath  AKVLDVYEAR LKEFKYLAGE TFTLTDLHHI PAIQYLLGTP TKK.LFTERP
GTH3_Maize  AKVLDVYEAH LARNKYLAGD EFTLADANHA LLPALTSARP PRPGCVAARP

              190        200        210                          
GTH1_Wheat  KVKAWWEMLM ARPAVQRVCK HMPTEFKLGA QY~~~~~~~ ~~~~~~~~~~ 
GTH4_Maize  HVSAWWQGLA ARPAANKVAQ FMPVGAGAPK EQE~~~~~~ ~~~~~~~~~~ 
GTH1_Maize  HVKAWWSGLM ERPSVQKVAA LMKPSA~~~~ ~~~~~~~~~ ~~~~~~~~~~ 
GTH4_Arath  RVNEWVAEIT KRPASEKVQ~ ~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~ 
GTH3_Maize  HVKAWWEAIA ARPAFQKTVA AIPLPPPPSS SA~~~~~~~ ~~~~~~~~~~ 
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oxygen and the nitrogen of the ethyl group of the
atrazine moiety helps to orientate the atrazine in the
correct position. The clear preference for the ethyl group
as opposed to the isopropyl group on the solvent-
exposed side of the H site, demonstrates the need for at
least one small substituent on the aromatic ring of the
atrazine in order to be a good substrate for GST-I. The
isopropyl group forms no important contacts and might
be exchanged for larger groups without significant loss of
GST-I activity.
For the FOE-4053–GSH conjugate, the interactions of
aromatic rings play only a minor role in substrate binding.
The phenyl ring of the FOE-4053 moiety is in contact
with Phe123 on one side, but on the other side is freely
accessible. The part of the FOE-4053 moiety with the
tightest packing to the protein is the isopropyl group,
which is totally buried within a hydrophobic pocket. A
change in this group would affect enzyme activity much
more than changes to other substituents on the phenyl
ring. The hydrogen bonds formed between the carbonyl
oxygen of FOE-4053–GSH and the mainchain nitrogen
atoms of Ile12 and Ala13 help to orientate the carbon that
will be attacked towards the sulphur of GSH. A modifica-
tion of this carboxylamide group, which gives this herbi-
cide class its name acetamides, would presumably lead to
a drastic change in activity due to this central role.
From the comparison of the two structures, several fea-
tures that change the shape and binding properties of the
H site can be recognised. The exchange of amino acids is
limited to those with hydrophobic properties, including
alanine; examples include Met10/Ala10, Trp12/Ile12,
Asn13/Ala13, Phe35/Leu35 and Ile118/Phe123 for
GST-I/araGST, respectively. The translocation of the
H site observed in this study has also been previously
reported in mammalian GSTs [29]. In our study, the
H site of GST-I is shifted by the bulky sidechain of
Trp12 away from the two helices α4 and α5 towards helix
α2, as compared to araGST. This changes the role of
amino acids at identical positions in the two GST struc-
tures. For example, Phe35 interacts with the aromatic
ring of the atrazine moiety in GST-I, whereas Leu35 has
no important role in araGST. In a similar manner, Ile12
forms important contacts with the FOE-4053 moiety in
araGST, whereas Trp12 forms only weak interactions in
GST-I. The different flexibility of the loop between
helices α4 and α5, which is regulated by the differing
number of glycine residues, influences the shape of the
upper side of the H site. A higher flexibility may allow
acceptance of a wider variety of substrates. In araGST
this loop contains only one glycine residue, but the more
flexible GST-I contains two glycines in this position. The
sequence of GST-III from maize shows that there are two
glycine residues in this loop and the sequence of GST1
from wheat, which contains an insertion, reveals three.
Considering the structural information reported here, the
specificities of other type I GSTs can be discussed (Figure
6). For example, GST-IV from maize has no activity for
atrazine, but activity for alachlor and metolachlor [26]. In
this case residue 12 is a proline, which may provide a
larger hydrophobic pocket than araGST and would be
more suitable for the bulky metolachlor. Compared to
araGST, in maize GST-IV Phe123 is conserved, Ser115 is
exchanged for the more hydrophobic isoleucine and Ala13
is exchanged for phenylalanine. The isoleucine and phenyl-
alanine residues may comprise a hydrophobic wall at the
side of the hydrophobic pocket where the aliphatic
portion of the acetamides bind. As in araGST, there is
only one glycine residue at the end of the loop between
helices α4 and α5. Residue 35 is an arginine, which may
explain the low activity of this enzyme for atrazine.
The structural information presented here may provide
the basis for mutagenesis studies, which could be used to
analyse the specificity of GSTs of unknown structure.
Nevertheless, a limitation remains. In the apo structure of
GST-III from maize a long C-terminal helix was observed.
It is possible that this helix might influence the H site by
covering it in the same way as seen in the mammalian
alpha class GSTs [31] and this possibility needs to be
taken into consideration.
Biological implications
GSTs play a crucial role in the detoxification of xeno-
biotic compounds in the cell by catalysing their conjuga-
tion with glutathione (GSH). In plants these enzymes
catalyse the first step in the biodegradation of several
herbicide classes, including the triazines and acetamides.
Hence, the substrate specificity of GSTs determines the
tolerance of plants towards certain herbicides, like
atrazine and alachlor. Further knowledge of the struc-
tural features that influence substrate specificity should
facilitate the design of new, more selective herbicides.
We have analysed the structures of GST-I from maize
and GST from Arabidopsis thaliana (araGST) in complex
with their preferred substrate as the product complex.
The active sites of these enzymes comprise two parts:
the GSH-binding site (G site) and the xenobiotic-binding
site (H site). All the residues of the H site and their
contribution to substrate binding have been deter-
mined. It was possible to identify regions of the herbi-
cides that could be modified without causing significant
changes in activity and those regions which, if modified,
would cause drastic changes in activity. From the com-
parison of the two GST structures with different sub-
strate specificity, reasons for their differences could be
given. Three features contribute to substrate specificity:
the replacement of residues to modulate the size and
shape of the H site; the translocation of the H site altering
the role of residues lining the site (in GST-I the bulky
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sidechain of Trp12 is responsible for this movement); and
the degree of flexibility in the upper part of the H site,
which is modulated by the number of glycine residues
at the end of the loop between helices α4 and α5. On
the basis of these structures it was possible to provide
an explanation for the specificity of GST-IV from
maize for the herbicide metolachlor. It might also be
possible to explain the specificities of other GSTs in the
same way. Information based on these two structures
will assist the design of new, more selective herbicides.
Materials and methods
Protein purification and crystallisation
The atrazine–GSH and FOE-4053–GSH conjugates were a gift from
Bayer AG. The recombinant proteins were expressed and purified as
described previously [7,27]. Crystals were grown by vapour diffusion
using polyethylene glycol (PEG) 4000 as a precipitant. The araGST
was concentrated to 15 mg/ml and incubated with 20 mM FOE-
4053–GSH conjugate for 30 min. A 4 µl aliquot of this solution was
mixed with 2 µl of reservoir solution containing 0.1 M Hepes at
pH 7.0, 0.1 M (NH4)2SO4 and 22.5% (w/v) PEG 4000. The same
method was used for GST-I with a protein concentration of 15 mg/ml
and an atrazine–GSH conjugate concentration of 5 mM. The reservoir
contained 0.1 M MES (pH 6.5) and 20–25% (w/v) PEG 4000. Crys-
tals grew in two to three months in both cases.
Data collection
Diffraction data were collected using an imaging plate scanner (MAR
research). Graphite monochromatised CuKα radiation from a RU200
rotating-anode generator (Rigaku, Tokyo, Japan) operating at 5.4 kW
was used. Both crystals were measured at room temperature. Reflec-
tion data were processed using the MOSFLM package [32] and sub-
sequently the structure factors were scaled, reduced and truncated to
intensities using programs from the CCP4 suite [33].
Refinement
For both structures, the previously determined models of GST-I and
araGST [7,27] were positioned with the program AMoRe [34]. In the
case of GST-I, there are four monomers giving two biologically active
dimers, while for araGST there is one monomer in the asymmetric unit.
The biologically active dimer is build up by crystallographic symmetry.
Therefore, a dimer could be used for molecular replacement only in the
case of GST-I. After two cycles of positional and B-factor refinement of
the araGST structure, using the program X-PLOR [35] and the para-
meters developed by Engh and Huber [36], clear density in the |Fo–Fc|
map for the FOE-4053–GSH appeared. Refinement proceeded using
cycles of model building with the program O [37] and refinement with
X-PLOR, during which 70 water molecules were assigned according to
the |Fo–Fc| map. The refinement was stopped when there was no
further drop in the free R factor.
The refinement of the GST-I complex initially proceeded in an analo-
gous manner to that of araGST. Due to the tight crystal packing, which
is different for all four monomers, the initial noncrystallographic symme-
try restraints were given up throughout the refinement without any
increase of the free R factor. Although it was possible to refine the
structure with X-PLOR [35], the refinement was finally performed using
REFMAC from the CCP4 program package [33]. With this program
the |2Fo–Fc| map, especially for the atrazine–GSH conjugates, and the
quality of the Ramachandran plot were improved. The statistics for the
data processing and refinement are given in Table 1.
Accession numbers
The coordinates of araGST and GST-I have been deposited in the
Brookhaven Protein Data Bank with the entry codes 1bx9 and 1bye,
respectively.
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